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DLR.de ¢ Chart 2 > Lecture > Author * Document > Date

Aim of this work:

for long range aircraft (LR aircraft) & free flight conditions:

Using different stability theories

= Design of natural laminar flow limit (NLF) airfoils using CATNLF
= 3D NASA CRM-NLF model

= Estimate NLF potential

Outline:
» Introduction and Background
= Results
o Tapered wing airfoil design
o 3D NASA CRM-NLF wing body configuration
= Summary

*Partially results here presented were also presented in AIAA Aviation 2020, AIAA 2020-2748
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Limits of laminar flow: NLF-LFC boundary & long r. aircraft

« Transition at boundary due to different

. g . . NLF-LFC limit: trans. Type Ref. (2
instabilities or to combination of them P @

TS CF
. = - - —=
* Longe Range aircraft Attachment line
* large LE sweep, ¢, ¢ > 30° - = -
* large Re, numbers -
* fly faster M, 2 0.82 i e  F-14 VSTE flight test
50 m 6 series NACA LPTP tests

current NLF-LFC limit Ref (1)
———m—— current NLF-LFC limit Ref (2)

=> suction required to

1

o

avoid LE trans. 40 < Root
(CF & attachment inst.) —~ | NLFLEdesignto LFC e
© [ avoid LE CF trans. P o =
. : %30 CANLF Ref (1) S s 2
» Special LE design, CATNLF, Ref. 1 i [ s
Crossflow attenuated NLF design = 1 [ ] - g
no suction req., NLF possible 20 . N\ % -
10 | NLF ) .
(1) R. Campbell et al, AIAA 2016-4326, il o S tip region
AIAA 2017-3059 - ¢
N I I A N| [ IR R
0

2) Géza Schrauf, AIAA 2008-3738
(uses Re,, here assumed Re=Re_*0.5 10 20 ¢Lf([’degr§251
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Stability analysis : LST for N.. N, critical N-factors

Stability Analysis:

« Based on compressible BL input ::
: : : Incompressible
* Local, incompressible or compressible 14
13| - critical N-factors -
» LSTcode: LILO 12 __‘ STCUNLE itical

» TSl in local flow direction
» CFl for f=0 Hz, (here const. A-strategy used)

Critical N-factors

» Obtained with flight tests and WT experiments Ei :
2
* have to be determined for each stab. theory type 2| - ,
« diff. groups use (predominantly) different LST: ; """"""""""""""""" S
0123458678 9101112

o DLR & Airbus: incomp. LST, Ncr
o NASA & ONERA: comp. LST

i DLR
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LST, free flight critical N-factors and LRA Mach numbers

16 D R
15|....Incompressible 15 Compressmle s
1‘;  critical N'faCtOfS Bl critical N-factors
12| o NLFcrltlcaI 120 o
11"‘-\Nfactorcurve (L IR = N AR ANy
10| i i BTN D S 101
Ll R N < T B A A e SRR N S
o O S o 9
Z 8| i HH'\EH‘.;H‘\.EH‘ Z 8
7| \1 7
6 113 ST : \ l L 6 |
5 [eritical:- Ni-factor‘ i - I R T
: 4curveW|thsuct| ‘ : 4
Used free flight 3ot °?“, Y ISP IO IO R SO
crit. N-factors in 2 EEREEERERERE A 2f e
. - g
thlSWOFk 1,|7iE, ;!
% 1T 2345678 9101112 LN A A R
NCF CF

= Compressible LST shows a stabilizing (?) effect on N, with increasing Mach number
= Flight data: obtained for middle range aircraft i.e. M., < 0.80
* |ong range aircraft cruise: 0.82 <M, <0.86, no free flight crit. N-factors
here in the wing supesonic region M reaches values of 1.2-1.3
» N;gcomp. & incomp. significantly different results
» Using comp. or incomp. LST with corresponding critical N-factors (from lower
flight tests) for LRA leads to different NLF potential J

PNy . & V. g
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Large LE-sweep CATNLF: NLF Airfoil A design (LE region design)

M..=0.83, C,=0.546 and Re_=23-10°, tapered wing airfoil

06F o 10
0.4 Necr erit | <—__ trans. pos.
- 8t without suction
02 HLFC
. of 6L NLF
° I HLFC wo |
0.2F NLF =z |
i 4r-
0.4} I
0.6 ol
0.8 [
B L I L . L I . | L I L L 1 I L L 1
0 0002 0004 0006  0.008 0—=%""002 004 006 008

x/c

» Tapered airfoil design (2.75D), ¢, g=32° ¢1g=21°
» N-factors obtained with incompressible LST
* N¢g reduced from 8.5 (HLFC airf.) to 4.2 (NLF airfoil)

(1) R. Campbell et al, AIAA 2016-4326, AIAA 2017-3059
(2) G. Redeker et al, Journal of Aircraft, Vol.25. No.7 Jul. 1988
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NLF limit airfoil design for upper wing

In the region up to the shock design airfoil with C, which satisfies
» max Nqg, maxNqg are just below critical N-factor values

> shocks are small

For a wing which has such a limit C, distribution in a given wing section:
» outboard of this section: NLF laminar BL up to the shock

» inboard of this section: transition position moves to the nose

i DLR




DLR.de « Chartg 1% Transition Workshop AIAA 2021, NLF Potential of Laminar Transonic Aircraft, using CATNLF

Incompressible NLF limit airfoil A: CATNLF & middle chord design

M..=0.83, C;=0.546 and Re_=23-10°, tapered wing airfoil ¢, =32° @=21°

>
trans. pos

x/c=0.5

o 0 =
o 1
i —— N¢gincomp. \ ]
: ---- Ngg comp. i
i — Nygincomp. ]
0.5 ~ ---- N;g comp. -
i \ i
i % -
i o1 [ | |
0.6 0.8 1
x/c

comp. N;g < incomp. N;g (¢$=0°)
comp. Ngg = incomp. Nqr

Incomp. LST: mixed type trans.
comp. LST: trans at shock, sep.

o il
Ve

10

16

15

cr|t|ca| N-factor....j ....... ....... ....... ....... .......
curve W|th suctlon NLF crltlcal
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compressible NLF limit airfoils E & F : CATNLF & middle chord design ¢=0°

: 0 O O OO O O O b
i 110 F3 IR S O O S WO A -
| : 11 ,,‘ ....................... ...............
-0.5 _— 18 T TS N . . _, - ___',
i i ...................... I ..............
- i . 0% i, | B
: 162 i
on_ ok ] 3 I ............
- | O B I T ' ...............
- 14< TS OO VOO TV T S OO UL WU O O N
| : In%"f l
B ’ | F R PP E T TP P PEP PP PEPRERE- TR e e '. ..............
0-5 __ | cp —_ 2 Fleeee ket bbb b e g T ' ...............
i N N comp 1 3 T S NOUURR: SUUONN SOV OOND ROON YN - WO : ...............
N i N,s comp 1o Y SO O S . O S O . 3 Jesan
n 1 I I T 1 1 N 0 * A
0 0.2 0.4 0.6 0.8 1 0 1 2 3 4 5 67 8 9 10 11 12
x/c N

incomp: comp.
M_.=0.83, C,=0.546, ¢, =32°, ¢g=21° Airfoil A E(F)
Re/108 23 40(35)
Case E: Re_.=40-10°, Re;=26.0 -10° Re,/108 13 26(23)
Case F: Re,=35-10°, Re;=22.8 -10° Co way (d.C.):  6.54 0.76

%

Trans. Type mixed TS
ﬁ wj [ ; ;._1_.___ T8 05 o : LAy

%'f



1st Transition \I\Inrl(':hr\p ALAA, ')071, NLE Potential of L aminar Transonic Airr-raﬂ’ ||Qing CATNLE

NID An o Chart 10

LRA NLF limit airfoils compressible & incompressible

* Nose region: no CF transition thanks CATNLF ( comp. & incompressible)

« Middle chord up to shock: compressible design different to incompressible one*

incomp. comp.

Airfoil A E(F)
Re /106 23 40(35)
Re /108 13 26(23)

Cp way (d.C.): 6.54 0.76
Trans. Type  mixed TS

For middle range aircraft designs compressible& incompressible are similar

o s Pyl o " Vhl B
DLR / U i
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compressible NLF limit airfoil F : local amplification rate

Case F Re ,=35:10% ,M,=0.83, C, =0.546, ¢ =32, ¢ =21°

07005 T ] T I T 1 T 'I T ]’ ] I T I T I T ] ] I’ T ] T I T I T
- — Incompressible =1
— — Compressible
& 0,004 - -
=
<
S L i
L
= 0,003 —
Local amplification rates -
at one station in the boundary layer % [ i
for several wave propagation directions < 0,002 | N
t \
X/C 0.163 3 i & T
Q A
Local Mach 1.13 3 0,001 | "
: ]
! \
_f 17
- L] _ [} i ‘
Largest ampplication rate at ¢o=40 PN N P U EAV HN A S R P HN B I B
-70 -80 -50 -40 -30 20 -10 0O 10 20 30 40 50 60 70

WAVE PROPAGATION DIRECTION

*Results in this slide from G. Schrauf‘s presentation in this workshop

i DLR
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compressible NLF limit airfoil F : most amplified TS modes for $=40°

PROFILEF UPPER SIDE
.COMPRESSIBLE 40 DEGREE WITHOUT CURVATURE

N-FACTOR

Case F

Re =35-10°¢

M.=0.83

C, =0.546

(P g =32°

prg =21°

] A '& - g‘u 40a
g, o e oo
r; / 7 5 . - - -
/‘4?“" oa 07" Ret/ 106 23 11.55
*Results in this slide from G. Schrauf‘s presentation in this workshop Xt/C 0.65 0.33

i DLR




Stability Analysis:
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Beyond LST: PSE results for compressible limiting Airfoil case F

Mm=0.83, CL=O.546, (PLE=320 (PTE=21 ° 10
Case F: Re ,=35-10°%, Re;=22.8 -10°

91 case F

CFIﬁ.ﬂnm_comp.,LST
CFIB.zm,,st_c:omp.,F’SE
TS, [i"=const, COmp., LST
mﬂﬂmﬂcomp“PSE 4

Based on compressible BL input — E

——-N
nonlocal compressible —— N
PSE code: NOLOT/PSE

Strategy: Constant spanwise
wavenumber R*

crr Nis

Takes into account nonlocal and
surface curvature effects

04 05 06 07
N;s: PSE and LST results similar

Nce : PSE shows significant reduction.
|s crossflow instability overestimated in LST?
In the LE region, is there further NLF potential beyond the one of airf. E

;;/7-! oy .
(). e

o i N

ot -- .I_

& F?
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3D transition location (2) : NASA common research model CRM-NLF

-1 -
08f i
3 . planform shock &
-0.6 0.6 | [trans. position
04k - M..=0.85,
i K CL=0'5
22F - Re pc=30-106
o I - =0.77
OF comp. 2 0-4 n
Fos *
i p. redes. X es Xre
0.4r 0.2 I X,, comp.
0.6 =TT “1 X, comp.
TETNE TS TETE PETE DT i X, incomp.
0.8 tru
O 02 DAt 08T - , X, incomp. redes.
15 , 20 06- - 0|5 . | ‘II | | |
. 4 = .
” Z /— :“ comp. _; :2 n=ZIS
— — — = Ngcomp. -
/ ——— Neincomp. ] no trans. due to ATI: 101 < Re, < 235, for n>0.4 , Re; <110

N, incomp. —14
N, incomp. redes. ]
N,s incomp. redes. 12

compressible LST:

:;Ozh » except for root sec. region, trans. close to shock
1° incompressible LST:
Eh « forn<0.7, trans. at LE due to CFI

L ";2  form> 0.7, trans. close to LE due to TSI

0.6 ° * redesign: for n > 0.73, trans. close to shock

Lail N
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Summary: free flight limits of NLF for LR aircraft

Critical N-factors are not available for LR-

aircraft cruise cond.. Currently for LST, values NLF-LFC limit: trans. Type Ref. (2)

from flight tests for lower Ma are assumed. TS CF

—_— - - - — >
Results confirm that CATNLF extends NLF : PO R
limit into a region previously assumed as 60

LFC, indepently from comp. or incomp. LST

® F-14 VSTE flight test

6 series NACA LPTP tests
current NLF-LFC limit Ref (1)
current NLF-LFC limit Ref (2)

50

Incompressible and compressible LST lead to
different wing designs with different NLF

. : : : 40 <= Root
potential, with compressible LST leading to: -NLF CATNLF comp. | g
« larger Re; = | I 2.
- - o
* lessCy yay X30[x_  NLF CATNLF R — g -
e | incomp. 3 ® .%
flight test with LR-aircraft cruise su \ -X:
conditions are necessary to obtain reliable ; ° o 8
critical N-factors & NLF limits \ / o
. . . . 10 NLF : tip region
CATNLEF airfoil design is also useful for i °
HLFC airfoils, since attenuated CFI requires ) S W W N
less suction. This is important since for LR O 0 20 egrese; 0 0T

aircraft HLFC will still be required

i DLR
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OUTLOOK

NASA * has designed a test article for tests with LR aircraft cruise conditions
using a F-15 testbed *

New flight test will provide the critical N-factors. They will show which of the
current NLF limits: compressible or incompressible are closer to reality

Impact of CATNLF at high lift has to be considered

CATNLF potential for middle range aircraft has to be explored. Currently laminar
DLR-BSW design requires HLFC for inner wing and has reduced cruise Mach
number compared to laminar DLR-FSW**

Stability theory beyond LST which is expensive, but contains more physical

modelling has to be used to better assess the current NLF limits. Some PSE
results were given in the paper

* M. Lynde, R. Campbell, B. Hiller, L. Owen, AIAA 2021-3292
** T. Streit et al , Aeronautical J, 2015 THAN K YO U
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